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Abstract

This paper investigates the properties of the polyaniline (PANI) on acai vegetable fiber (AVF), hereafter referred
to as PANI-COATED:AVF. Scanning electron and atomic force microscopy showed that the incorporation of PANI
produced a linear surface, while optical microscopy images showed that the semiconductor layer was flawed. The
complex impedance measurements performed at room temperature indicated that the electrical properties of PANI
were fully transferred to the PANI-COATED:AVF and that the Cole-Cole approach dominated over a frequency range
from 1 Hz to 100 kHz. Thermogravimetric analysis revealed a thermal stability range of 0° to 300°C. Finally, the
combination of PANI with AVF was a successful due to the ease of processing and obtaining semiconductor filaments
with wide ranges of thermal and electrical stability. This article is a complement to another recently published [doi.
org/10.1002/pc.27068].
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1. Introduction

The largest natural reserves of acai palm (Euterpe
oleracea Mart.) can be found in the state of Para,
Brazill'*. The harvesting of the fruit of this species
native to Amazonia contributes to the livelihood of local
families®. The fruit of the agai palm, which is generally
discarded incorrectly in naturel™), consists of seeds covered
by lignocellulosic vegetable fibers (AVF)®l. These AVF
are renewable resources, biodegradable, low-cost!”,
and have multi-functional and environmentally friendly
applications®. For example, AVF can be used as pH sensors
in the food industry, and mechanical reinforcement
elements of polymeric matrices>!*!"l. Furthermore, AVF
can be added to the polyaniline (PANI) in situ chemical
synthesis route to expand on its potential biotechnological
applications!®!>* and obtain AVF coated with protonated
PANI!3 16 (PANI-COATED: AVF) to be used as structural
elements of electronic devices!'>!"!8],

The goal of'this paper is to describe in detail the method
for producing PANI-COATED:AVF and analyze the
morphological, thermal, and electrical properties provided
by the semiconductor coating. This would provide a novel
alternative source of income for the needy population by
promoting environmental sustainability.
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2. Materials and Methods
2.1 Preparation of PANI-COATED:AVF

Figure 1 shows images of the preparation of agai vegetable
fibers (AVF) before acquiring the PANT layer. The AVF were
obtained in the Agaizal community, 32 kilometers from the
Santarém-Curua-Una highway, in Brazil, from an Amazonian
palm (Euterpe oleraceae Mart.)!"”! (Figure 1a). Its fruit is the
acai (Figure 1b) which becomes a waste product after pulping
(Figure 1c). In this situation, the AVF were separated from
the seeds (Figure 1d), sifted in a 32 mesh sieve (Figure 1e),
and those with diameters of 0.3 + 0.2 mm and length of
3.0 + 1.0 mm were selected (Figure 1f).

In this study, the PANI was synthesized through the
direct oxidation of aniline by chemical oxidants, based
on the PANI synthesis procedure!'>!¢l. The process for the
fabrication of the PANI under AVF, hereafter referred to as
PANI-COATED:AVF. Following the PANI synthesis, 0.6 g
of AVF were mixed with 300 mL of hydrochloric acid (HCI)
1 M and left at room temperature (24 °C). The next day,
20 mL of distilled aniline was diluted in the mixture. In a
second beaker, 11.52 g ammonium persulfate ((NH,),S,0,)
was added to 200 mL HCI (1 M). Both solutions were placed
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Figure 1. Preparation of acai vegetable fibers (AVF). (a) Amazonian palm; (b) agai fruit; (c) agai waste after depulping; (d) AVF; (e) AVF

sieving; (f) AVF with a length of 3.0 + 1.0 mm.

into a freezer and removed when at a temperature of around
0°C. The solutions were slowly combined in a 1000 mL
beaker, insulated with aluminum, and mixed together
through stirring for 2 hours at 24 °C. The PANI solution
in the form of protonated emerald salts was washed with
acetone several times and finally cleaned with a filter paper,
and a polymeric bulk was obtained. After about 48 hours in
a desiccator, the PANI-COATED:AVF was separated from
the PANI powder by sieving.

2.2 Experimental characterization

The surface morphologies of the AVF and PANI-
COATED:AVF were studied by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and optical
microscopy (OM). The SEM images were obtained with a
Tescan Vega LM3 microscope. The AFM images were acquired
using a Ntegra Prima (NT-MDT) microscope operating in
intermittent contact mode with regular Si cantilevers (k
~10 N/m, f0 ~240 kHz). The OM images were taken with
a ZEISS Stemi 2000-C microscope.

The polymers AVF, PANI, and PANI-COATED:AVF
were thermally decomposed by thermogravimetric analysis
(TGA). The thermal behavior was monitored on a TG
instrument SDT 2960 at 10°C/min from room temperature
to 700°C under a N, flow.

For electrical characterization, the polymers (AVF,
PANI, and PANI-COATED:AVF) were pressed to obtain
pellets with thicknesses of 1.0 + 0.2 mm using a stainless
steel apparatus coupled to a hydraulic model SKAY. Then,
the pellets were kept between copper discs with circular
openings (43.02 +2.32 mm?) and gold-sputtered in a sputter
coater (Balzers SCD 050) for 200 seconds. The complex
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impedance measurements, Z*(f) = Z’(f) —iZ”(f), were carried
out using a 1260 Solartron frequency response analyzer
in the 1 Hz to 10° Hz frequency range, maintaining the
voltage amplitude at 1.5 V while experiments took place
at room temperature.

3. Results and Discussions

Figure 2 shows the SEM images of AVF and PANI-
COATED:AVF. The micrographs confirm that the surfaces
of the AVF (Figure 2a) were rougher than those of the
PANI-COATED:AVF (Figure 2b) which were smoother.
The PANI layer covered the rough surface and parenchymal
cells of the AVF.,

The AFM images (Figure 3) complement the results
presented in Figure 2 by providing greater detail with three-
dimensional profiles which show the surface topography of
the AVF (Figure 3a) as being more irregular than the surface
of the PANI-COATED:AVF (Figure 3b). Furthermore, the
surface topographic analysis provided a medium roughness
value of 157 nm for the AVF (Figure 3a) and 71 nm for the
PANI-COATED:AVF (Figure 3b). Therefore, the PANI
layer significantly removed roughness in the surface of the
AVF as observed by SEM (Figure 2) and AFM (Figure 3).
The smoother fiber surface would lead to an improved
resistance to contact with electrodes?!.

Figure 4 shows optical microscopy images of the surfaces
of AVF and of PANI-COATED:AVF. The images of AVF
show a homogeneous and continuous surface (Figure 4a)
while the PANI-COATED:AVF exhibits a heterogeneous
surface with failures in polymeric coating (Figure 4b).
In contrast, Souza et al.!" obtained a continuous coverage of
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Figure 2. Scanning electron microscopy (SEM) images of (a) AVF
and (b) PANI-COATED:AVF.

i ) . ®)

Figure 3. Atomic force microscopy (AFM) images of (a) AVF and
(b) PANI-COATED:AVF.

PANI on VF, likely because the acidic solution in which the
fibers were contained was magnetically stirred for 24 hours
before the synthesis of PANI, allowing better incorporation
of the acidic solution into the fibers. In this work, however,
the fibers remained in the catalyst solution for 24 hours at a
temperature of <0°C. Indeed, the fibers filled with a catalyst
solution would allow a more efficient polymerization of the
surface, and the protonation could be characterized by the
addition of CI” to N* or to other atoms*?..
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Failures

Figure 4. Optical microscopy (OM) images of (a) AVF and (b)
PANI-COATED:AVF.

Figure 5 shows the TGA curves of the AVF, PANI, and
PANI-COATED:AVF samples from room temperature to
700°C. Regarding the thermal degradation of AVF from 0°C
to 100°C, about 10% of the mass was lost which could be
attributed to water loss>!¥, the material then became thermally
stable between 100°C to 300°C. From 300°C to 400°C, the
mass loss was about 60% due to the thermal degradation
characteristics of the AVF?, caused by the decomposition
of hemicellulose and B—(1—4) glycosidic linkages!®’!. Finally,
above 400°C, the mass loss was about 10% due to the
decomposition of lignin®®!. The thermogravimetric behavior
of pure PANI showed a two-step mass loss. The first mass
loss of around 10% from 0°C to 100°C represented water loss
and the second mass loss of around 40% between 100°C to
700°C was due to the degradation of dopant anions, removal
of dopants, and decomposition of the PANI?*. The TGA
results of the PANI-COATED:AVF revealed that around
10% of water was released up to 100°C. The combination
of the PANI with the AVF provided an intermediate level
of degradation to PANI-COATED:AVF due to the PANI
surface layers!'.. A similar behavior of the thermogravimetry
curves shown in Figure 5 has previously been observed!'?.

Figure 6 displays the real, Z’(f), and imaginary, Z”(f),
components of the complex impedance for AVF as a function of
the frequency (f) in a log-log plot. The figure shows that Z’(f)
and Z”(f) remained overlapping at low frequency, while around
10 Hz, the curves separated and decreased continuously with
the frequency. This behavior is typical of dielectric materials,
representing that prevails the capacitive domain®>.
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Figure 5. Thermogravimetric analysis (TGA) curves of samples
AVF, PANI, and PANI-COATED:AVF.
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Figure 6. Real, Z’(f), and imaginary, Z”(f), components of the
complex impedance versus frequency (f) of AVF.

Figure 7 shows Z’(f) and Z”(f) vs. f obtained from
PANI (Figure 7a) and PANI-COATED:AVF, along with
Argand diagrams for each (Figure 7b). The full-line curves
of Figure 7 were derived from experimental-theoretical
fittings using the Cole-Cole phenomenological model™!
which satisfied the principle of equivalence of a Maxwell
circuit??” represented by the empirical formula:

Z"(®) = R/[1+ (i@RC)?] M

In this equation, ® is the angular frequency obtained by
o = 2xf, R is the dc electrical resistance, C is the electrical
capacitance, and o is a parameter of dielectric relaxation
that can assume values between 0 and 1; this shows that the
distribution of relaxation times was highly symmetric!?$?°).

Both impedance spectra in Figure 7 exhibit a plateau
at about 40 kQ (called the dc electrical resistance or R =
Z’(f— 0)) which extends up to around 20 kHz; beyond this
frequency, known as the critical frequency f*°!, the Z”(f)
shows a peak with a maximum height on the f . Therefore,
the analogous behaviors of Z’(f) and Z”(f) between PANI
(Figure 7a) and PANI-COATED:AVF (Figure 7b) imply that
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Figure 7.7’ and Z” vs. f of (a) PANI and (b) PANI-COATED:AVF.
The inset image shows an Argand diagram of the Z’(f) vs. Z”(f) of
(a) PANI and (b) PANI-COATED:AVF. The full lines represent the
experimental fittings obtained from Equation 1.

the PANI deposited on AVF acted as an efficient semiconductor
coating!'>!, The diagrams show the value of electrical
resistance, through the diameter of the semicircles equal
to 370 kQ and 440 kQ, respectively, to PANI (Figure 7a)
and PANI-COATED:AVF (Figure 7b). Furthermore, the
presence of a single semicircle indicates only one transport
mechanism, as there is no interface effect,

The experimental-theoretical fitting using Equation 1 shows
that o = (0.98 £ 0.01) and f, = (20 = 0.1) kHz remained
practically constant, while R = (405 + 35) kQ and C =
(0.26 + 0.02) nF varied only slightly but remained in the
same order of magnitude.

4. Conclusions

In this paper, SEM and AFM images showed that the
surface smoothness of fibers increased after PANI synthesis;
failures in the polymeric coating of PANI were shown by
OM. However, the Z’(f) and Z”(f) indicated that these
failures did not interfere with electrical conductivity, and
demonstrated that the electrical properties attributed to
AVF by PANI were not limited to the dc regime (f — 0).
Furthermore, the use of the Cole-Cole model demonstrated
that the samples presented a symmetric arc in a complex
plane. The thermal results revealed that the AVF and the
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PANI-COATED:AVF could be submitted to temperatures
of up to around 200°C and 300°C, respectively, without
severe degradation. Therefore, this research provides a
stimulus for the investigation and fabrication of organic
polymer-based devices capable of providing a high electrical
performance while preserving the environment. Finally,
compared to other VF, the efficient utilization of VFA can
favor the fabrication of environmentally friendly polymer
composites and generate employment and income for the
riverside Amazon communities.
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